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ABSTRACT 
A method is presented for the sensing of water hardness by determining the concentration of 
calcium and magnesium in water, based on Fluorescence resonance energy transfer (FRET) 
process. The principle of the proposed sensor is based on the change of FRET efficiency between 
two laser dyes Acriflavine (Acf) and Rhodamine B (RhB) in presence of permanent hard water 
components (CaCl2 and MgCl2). Nanodimensional clay platelet laponite was used to enhance the 
efficiency of the sensor. 
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1. Introduction 
 “Hard water” has high mineral content in compare to “soft water”. Generally the hard 
water is not harmful to one’s health, but can cause serious problems in industrial settings, where 
water hardness should be monitored to avoid breakdowns of the costly equipments that handle 
water. The hardness of water is determined by the concentration of multivalent cations 
(positively charged metal complexes with a charge greater than 1+) in water. The most common 
cations found in hard water include Ca2+ and Mg2+. The presence of dissolved carbonate minerals 
(CaCO3 and MgCO3) provide a temporary hardness in water, which can be reduced either by 
boiling the water or by addition of lime (calcium hydroxide) [1]. On the other hand the dissolved 
chloride minerals (CaCl2 and MgCl2) cause the permanent hardness of water that can not be 
removed easily, because it becomes more soluble as the temperature increases [2]. In that sense it 
is very important to identify the permanent hardness of water before use. One of the most useful 
steps to water analysis is the determination of the concentration of calcium and magnesium ions, 
whether individually or overall hardness. In the routine laboratories the volumetric methods are 
the most commonly used methods for water analysis. Now a days the involvement of absorption 
or fluorescence spectroscopy for water analysis has received particular attention [3]. Sweetser 
and Bricker were the first who used the spectroscopic measurements to determine the 
concentration of calcium and magnesium ions in water [3]. Ion chromatography (IC) is another 
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very powerful method for the analyses of anions and cations in aqueous solution [4, 5]. Argüello 
and Fritz reported a method for the separation of Ca2+ and Mg2+ in hard water samples based on 
ion-chromatography and spectroscopic method [6]. E. Gömez et al reported a method for the 
simultaneous spectroscopic determination of calcium and magnesium using a diode-array 
detector [7]. 
 The Fluorescence resonance energy transfer (FRET) phenomenon may be very effective 
tool for the designing of hard water sensors. Based on the FRET between two laser dyes here we 
demonstrated a hard water sensor. To the best of our knowledge this could be the first attempt, 
where FRET process has been used for the detection of the hardness of water. FRET between 
two molecules is an important physical phenomenon, where transfer of energy from an excited 
flurophore to a suitable acceptor flurophore occurred [8, 9]. This technique is very important for 
the understanding of some biological systems and has potential applications in optoelectronic 
and thin film devices [10-14]. Combining FRET with optical microscopy, it is possible to 
determine the approach between two molecules within nanometers. The main requirements for 
the FRET to occur are (i) sufficient overlap between the absorption band of acceptor fluorophore 
and the fluorescence band of donor fluorophore and (ii) both the donor and acceptor molecule 
must be in close proximity of the order of 1–10 nm [8, 9]. The intervening of solvent or other 
macromolecules has little effect on the FRET efficiency. If the distance between the donor–
acceptor changes then FRET efficiency also changes. 
 Here in the process of designing hard water sensor based on FRET process, we have used 
two dyes Acriflavine (Acf) and Rhodamine B (RhB) as energy donor and acceptor. In principle 
both the dyes are suitable for fluorescence resonance energy transfer. Both the dyes are highly 
fluorescent and the fluorescence spectrum of Acf sufficiently overlaps with the absorption 
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spectrum of RhB. P. D. Sahare et al [15] reported the fluorescence resonance energy transfer in 
binary solution mixture using these two dyes. In one of our earlier work we have demonstrated a 
pH sensor based on the FRET between Acf and RhB [16]. The energy transfer efficiency has 
been effected if the distance between the donor – acceptor pair has been altered due to the 
presence of any external agency or change of the microenvironment. It has been observed that 
when distance between fluorophores (dyes) is decreased due to adsorption on to nanoclay sheet, 
the FRET efficiency increases [17, 18].  
 In the present communication we tried to investigate the effect of Mg2+ or Ca2+ or both on 
the FRET efficiency between two fluorophores, Acf and RhB in presence of nanoclay sheet 
laponite. Here we have chosen Mg2+ or Ca2+ because the presence of these two cations mainly 
determines the extent of hardness of the water. Our investigation showed that FRET efficiency 
decreases with increasing salt concentration. It has also been demonstrated that with proper 
calibration, FRET between Acf and RhB can be used to sense the hardness of water. 
2. Materials and methods 
2.1. Material  
Both the dyes Acriflavine (Acf) and Rhodamine B (RhB) were purchased from Sigma 
Chemical Co., USA and used as received. Ultrapure Milli-Q water (resistivity 18.2 MΩ-cm) was 
used as solvent. The dyes used in our studies are cationic in nature. The clay mineral used in the 
present work was Laponite, obtained from Laponite Inorganic, UK and used as received. The 
size of the clay platelet is less than 0.05 µm and CEC is 0.739 meq/g determined with CsCl [19]. 
Both MgCl2 and CaCl2 were purched from Thermo Fisher Scientific India Pvt. Ltd. and used as 
received. Dye solutions were prepared in Milli-Q water. For spectroscopic measurement the 
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solution concentration was optimized at 10-6 M. The clay dispersion was prepared by using 
Millipore water and stirred for 24 hours with a magnetic stirrer followed by 30 minutes 
ultrasonication before use. The concentration of clay was kept fixed at 2 ppm through out the 
experiment. To check the effect of clay on the spectral characteristics the dye solutions (Acf and 
RhB) were prepared in the clay suspensions (2 ppm). The dye concentration was maintained at 
10-6 M. In order to check the effect of salt on spectral characteristics in presence of clay, first of 
all the salts were added in the clay dispersion at different concentration. Then the dyes were 
added in the salt mixed clay dispersions. In all cases the clay concentration was 2 ppm and the 
dye concentration was 10-6 M. 
2.2. UV–Vis absorption and fluorescence spectra measurement 
UV–Vis absorption and fluorescence spectra of the solutions were recorded by a 
PerkinElmer Lambda-25 Spectrophotometer and PerkinElmer LS-55 Fluorescence 
Spectrophotometer respectively. For fluorescence measurement the excitation wavelength was 
420 nm (close to the absorption maxima of Acf). 
3. Results and discussions 
3.1. UV–Vis absorption and steady state fluorescence spectra study 
 The absorption and emission maxima of Acf are centered at 449 and 502 nm respectively 
which is assigned due to the Acf monomers [15]. On the other hand RhB absorption spectrum 
possess prominent intense 0-0 band at 553 nm along with a weak hump at 520 nm which is 
assigned due to the 0-1 vibronic transition [20]. The RhB fluorescence spectrum shows 
prominent band at 571 nm which is assigned due to the RhB monomeric emission [20]. The 
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corresponding absorption and emission spectra of the above results are shown in figure 1 of the 
supporting information.  
3.2. FRET between Acf and RhB in aqueous solution with salt 
To study the energy transfer between Acf and RhB the fluorescence spectra of Acf and 
RhB mixture (1:1 volume ratio) were measured with excitation wavelength fixed at 420 nm 
(close to the absorption monomer of Acf). Figure 1 shows the fluorescence spectra of Acf, RhB 
and their mixture in water solution in presence and absence of salt. From the figure it was 
observed that the fluorescence intensity of pure Acf (curve 5, of figure 1) is much higher, on the 
other hand the fluorescence intensity of pure RhB (curve 6, of figure 1) is almost negligible. This 
is because the excitation wavelength (420 nm) was chosen in order to excite the Acf molecule 
directly and to avoid the direct excitation of the RhB molecule. However, the Acf-RhB mixture 
fluorescence spectrum is very interesting. Here the Acf emission decreases with respect to pure 
Acf and on the other side RhB emission increases with respect to pure RhB (curve 1, of figure 1). 
This is mainly due to the transfer of energy from Acf molecule to RhB molecule via fluorescence 
resonance energy transfer. In order to confirm this, excitation spectra was recorded with 
monitoring emission wavelength 500 nm (Acf emission maximum) and 571 nm (RhB emission 
maximum) and observed that both the excitation spectra are very similar to the absorption 
spectrum of Acf monomer (figure 2 of supporting information). This confirms that the RhB 
fluorescence is mainly due to the light absorption by Acf and corresponding transfer to RhB 
monomer. Thus FRET between Acf to RhB has been confirmed. 
Our main purpose is to detect CaCl2 and MgCl2 or their mixture as a permanent hard 
water component in aqueous solution by using the FRET process between Acf and RhB. There 
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are few studies where the effect of some chloride salts in FRET has been studied. Loyse M. 
Felber et al studied the effect of NaCl on FRET between CFP and YFP [21]. The effect of 
chloride ions and similar halide ions results a decrease in FRET efficiency at pH close to its pKa 
value [22, 23]. Ken-ichi Yoshioka et al studied the self assembly of HsRed51 by measuring the 
FRET from the fluorescein-labeled protein to the Rhodamine-labeled protein which is dependent 
strongly on high salt concentration indicating the ionic interaction between positively and 
negatively charged aminoacids [24].  
Here we have studied the effect of CaCl2 and MgCl2 and their mixture on the transfer of 
energy from Acf to RhB in their aqueous solution. Fluorescence spectra of Acf-RhB mixture in 
presence of CaCl2, MgCl2 and their mixture (CaCl2+MgCl2) are also shown in figure 1 (curve 2, 
3 and 4). For all the spectra shown in figure 1 the concentration of CaCl2/MgCl2/their mixture 
was kept at 0.06 mg/ml, which is the initializing concentration of hard water known as 
moderately hard water [1, 2]. From figure 1 it was observed that the transfer of energy from Acf 
to RhB was decreased in presence of salt (curve 2, 3 and 4). Based on the fluorescence spectra 
the fluorescence energy transfer efficiency have been calculated using the following equation 
[25] 
D
DA
F
FE −=1  
Where FDA is the relative fluorescence intensity of the donor in the presence of acceptor 
and FD is the fluorescence intensity of the donor in the absence of the acceptor.  
It has been observed that the FRET efficiency in aqueous solution is 11.37% which 
decreases to 1.7% and 5.2% for the presence of CaCl2 and MgCl2 respectively. The aqueous 
solutions of the salts generate the cationic Ca2+ and Mg2+ ions. The laser dyes Acf and RhB both 
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are cationic in nature and repeal each other in aqueous solution. The introduction of cationic Ca2+ 
and Mg2+ ions in the solution may cause an increase in the electrostatic repulsion between Acf 
and RhB molecules which can result in a large intermolecular separation. Accordingly, the FRET 
efficiency decreases. On the other hand the diameter of Ca2+ ion is larger in compared to Mg2+ 
ion which could be responsible for a small but noticeable variation in FRET between Acf and 
RhB in presence of Ca2+ and Mg2+ ions. It is also observed that with the increase in salt 
concentration the transfer of energy from Acf to RhB decreases further (figure not shown). In 
presence of both Ca2+ and Mg2+ ions, the FRET efficiency also decreases and the efficiency is 
4.38% which lies in between the efficiencies for the presence of either Ca2+ or Mg2+. 
3.3. FRET between Acf and RhB in clay dispersion with salt 
Our previous investigations revealed that the energy transfer occurred from Acf to RhB 
in aqueous solution. Also in presence of salt (Ca2+ or Mg2+) the energy transfer efficiency 
decreases. However the energy transfer efficiency as well as the change in efficiency in presence 
of salt is very small due to the large intermolecular separation between Acf and RhB. In the 
present study our aim is to design a sensor which can sense the presence of Ca2+ or Mg2+ or both 
by observing the change in FRET efficiency. Accordingly it is very important to have large 
FRET efficiency between Acf and RhB as well as noticeable change in FRET efficiency between 
Acf and RhB due to the introduction of hard water components (Ca2+ or Mg2+), so that we can 
use it as a hard water sensor with minimum error level. Here in the designed sensor the hardness 
of the sample water will be sensed just by observing the change in the FRET efficiency. 
Accordingly in order to enhance the FRET efficiency we have incorporated nano clay laponite in 
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Acf-RhB mixture. It has been observed that the FRET efficiency increases in presence of 
laponite particle. 
It is important to mention in this context that in one of our earlier works it has been 
observed that the presence of nanoclay laponite increased the FRET efficiency between N,N’-
dioctadecyl thiacyanine perchlorate (NK) and octadecyl rhodamine B chloride (RhB) [18, 26]. 
Effect of nanoclay laponite on the energy transfer efficiency between Acf and RhB has also been 
studied [16]. It has been observed that the presence of clay platelet increase the energy transfer 
efficiency. Fluoresecence spectra of Acf, RhB and their mixture in absence and presence of salt 
in aqueous clay dispersion are shown in figure 2. Here in presence of laponite the FRET 
efficiency has increased to 78.17% which was 11.37% in absence of clay. This has been 
evidenced from the observed decrease of Acf fluorescence in favour of RhB fluorescence 
intensity in presence of nanoclay platelets (Curve-1 of figure 2). 
It is worthwhile to mention in this context that clay particles are negatively charged and 
have layered structure with a cation exchange capacity [27, 28]. Both the dyes Acf and RhB 
under investigation are positively charged. Accordingly they are adsorbed on to the clay layers 
[27, 28]. On the other hand FRET process is very sensitive to distances between the energy 
donor and acceptor and occurs only when the distance between the D-A pair is of the order of 1-
10 nm [8, 9]. Therefore in the present case, clay particles play an important role in determining 
the concentration of the dyes on their surfaces or to make possible close interaction between 
energy donor and acceptor in contrast to the pure aqueous solution. Now our main purpose is to 
observe the change in FRET between Acf and RhB in clay dispersion due to the introduction of 
CaCl2/MgCl2/their mixture. From figure 2 (curve 2, 3 and 4) it was observed that the transfer of 
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energy from Acf to RhB decreases quite remarkably due to the introduction of 
CaCl2/MgCl2/their mixture for the concentration of 0.06 mg/ml in presence of clay. It was 
observed that the transfer of energy is much smaller due to the presence of CaCl2 in compare to 
MgCl2. (Table 1 summarize the calculated efficiencies). 
The decrease in FRET between Acf and RhB in presence of hard water components, must 
involve the reaction of the cations (Ca2+ and Mg2+) present in hard water with the clay minerals 
through cation exchange reaction. Marshall [29] formulated that the replacement of cations on a 
charged clay mineral surface by those present in a contact solution takes place according to the 
order of bonding energy of the common metal cations. In general, this bonding energy is of the 
order: Ca > Mg > K > H > Na. Thus the probability of adsorption of Ca2+ in clay suspension is 
more than Mg2+. The tendency of Ca2+ ion to interact with the negatively charged clay layers is 
more compared to Mg2+ ion of same concentration of both clay suspension and salt solution. 
Accordingly, most of the negative charges in the clay surfaces are neutralized by Ca2+ ion 
compare to Mg2+ ion and there exists very few unoccupied negative charges on the clay surface 
for the cationic dye molecules to be adsorbed. As a result the separation between the cationic dye 
molecules increases more in CaCl2 solution rather than MgCl2 leading to a less FRET in presence 
of CaCl2 compare to MgCl2. 
3.4. Schematic diagram 
 A schematic diagram showing the organization at Acf and RhB in absence and presence 
of clay laponite and salt is shown in figure 3. Normally in absence of clay and salt the distance 
between Acf and RhB molecules in aqueous solution is larger resulting lower energy transfer 
efficiency (figure 3a). In presence of clay the dyes are adsorbed by cation exchange reaction on 
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to the clay surface and accordingly the distance between Acf and RhB decreases (figure 3b). 
These results can increase the energy transfer efficiency. In presence of both clay and salt, the 
probability of adsorption of Ca 2+ and Mg 2+ cations are larger in compared to the cationic dyes 
(figure 3c). This is because in the process of dye-clay-salt solution preparation initially the salt 
was added to the clay dispersion followed by the dye addition. Accordingly, most of the negative 
charges on the clay surface are neutralized by the Ca2+ and Mg2+ cations and there exist very few 
unoccupied negative charges on the clay surface to adsorb the cationic dyes. Accordingly the 
average distance between Acf and RhB become larger. This results a decrease in energy transfer 
efficiency. 
3.5. Effect of variation of salt concentration on FRET efficiency 
 In the previous sections we have seen that presence of laponite particle increases the 
FRET efficiency between Acf and RhB. Whereas, presence of Mg2+ or Ca2+ or both decreases 
the FRET efficiency. Now in order to check the effect of variation of salt concentration ( extent 
of hardness) on the FRET efficiency, we have measured the fluorescence spectra of Acf and RhB 
mixture with different salt (MgCl2 + CaCl2) concentration in presence of clay laponite and the 
FRET efficiency have been calculated. 
 Figure 4 shows the fluorescence spectra of Acf–RhB mixture in presence of clay with 
varying amount of salt concentration viz. 0.05 mg/ml (soft water), 0.06 mg/ml (moderately hard 
water) and 0.12 mg/ml (very hard water). From the figure it has been observed that the RhB 
fluorescence intensity decreases with increase in salt concentration. Also the corresponding Acf 
fluorescence intensity increases. This indicates that with increase in salt concentration FRET 
efficiency between Acf and RhB decreases. The plot of FRET efficiency as a function of salt 
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(MgCl2 + CaCl2) concentration (inset of figure 4) clearly shows that FRET efficiency decreases 
with increasing salt concentration (ranging from 0.03 mg/ml to 0.2 mg/ml). The values of FRET 
efficiencies with salt concentration are listed in table 2. This result suggests that it is possible to 
sense the hardness of water by observing the change in FRET efficiency with salt concentration. 
 
3.6. Design of hard water sensor 
Based on the variation of FRET efficiency or fluorescence intensity, depending on the 
salt concentration we have demonstrated a hard water sensor. In the process of hard water 
sensing first of all clay (laponite) dispersion will be prepared using the sample water followed by 
addition of dyes (Acf and RhB). Then the fluorescence spectra of the solution will be measured. 
By observing the fluorescence intensity or FRET efficiency calculated from the observed 
fluorescence spectra it would be possible to sense the hardness of the sample water. 
 Figure 5a and b show the plot of FRET efficiency and fluorescence intensity as a function 
of salt concentration for three different concentrations viz. 0.05 mg/ml, 0.06 mg/ml and 0.12 
mg/ml. The data are taken from spectra shown in figure 4. 
 From figure 5a it has been observed that the FRET efficiency for 0.06 mg/ml and 0.12 
mg/ml concentration are 48.2% and 13.5% respectively. If the FRET efficiency is observed to be 
higher than 48.2%, then the water will be soft water ( salt concentration < 0.06 mg/ml) whereas, 
if the efficiency lies in between 13.5% and 48.2% then the water will be moderately hard 
(0.06mg/ml < salt concentration < 0.12 mg/ml). On the other hand if the observed FRET 
efficiency is less than 13.5% then the water will be very hard (salt concentration > 0.12 mg/ml). 
Similarly, by observing, whether the fluorescence intensity of 579 nm peak (figure 5b) is greater 
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than 392 or less than 232 it is possible to detect the soft water or very hard water. Again if the 
fluorescence intensity lies in between 232 and 392 then the water will be moderately hard water. 
Therefore with proper calibration it is possible to design a hard water sensor which can sense 
hard water very easily. 
 
 
4. Conclusion 
Fluorescence resonance energy transfer (FRET) between two fluorescent dyes 
Acriflavine and Rhodamine B were investigated successfully in solution in presence and absence 
of clay mineral particle laponite. UV-Vis absorption and fluorescence spectroscopy studies 
reveal that both the dyes present mainly as monomer in solution and there exist sufficient overlap 
between the fluorescence spectrum of Acf and absorption spectrum of RhB, which is a 
prerequisite for the FRET to occur from Acf to RhB. Energy transfer occurred from Acf to RhB 
in solution in presence and absence of laponite. The energy transfer efficiency increases in 
presence of clay laponite in solution. The maximum efficiency was found to be 78.17% for the 
mixed dye system (50% RhB + 50% Acf) in clay dispersion. In presence of CaCl2 or MgCl2 the 
FRET efficiency is decreased to 37.78% and 51.59% respectively. With suitable calibration of 
these results it is possible to design a hard water sensor that can sense the water hardness of the 
range 0.03 mg/ml-0.2 mg/ml. 
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Table 1 
Values of energy transfer efficiency (E %) for Acf and RhB mixture (1:1 volume ratio) in 
different conditions. The salt concentration was 0.06 mg/ml (moderately hard water). Dye 
concentration was 10-6M and clay concentration was 2 ppm. 
 
Samples E% 
Acf+RhB    11.37
Acf+RhB+ CaCl2    1.7 
Acf+RhB+ MgCl2    5.2 
Acf+RhB+ MgCl2 +CaCl2    4.38 
Acf+RhB+clay    78.17
Acf+RhB+ CaCl2 with clay    37.78
Acf+RhB+ MgCl2 with clay    51.59
Acf+RhB+ MgCl2 +CaCl2 with clay    48.18
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Table 2 
Values of energy transfer efficiency (E %) for Acf and RhB mixture (1:1 volume ratio) at 
different salt concentration in presence of clay. Dye concentration was 10-6M and clay 
concentration was 2 ppm. 
 
Salt concentration in mg/ml 
(MgCl2 +CaCl2) 
E% 
0.03 73.73
0.05 68.34
0.06 48.18
0.08 21.57
0.12 13.48
0.20 07.38
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Figure captions 
Fig. 1. Fluorescence spectra of Acf+RhB (1:1 volume ratio) in water solution (1), with MgCl2 
(2), CaCl2 (3), and CaCl2+MgCl2 (4), pure Acf (5), pure RhB (6). Dye concentration was 10-6M 
and salt concentration was 0.06 mg/ml. 
Fig. 2. Fluorescence spectra of Acf+RhB (1:1 volume ratio) in clay suspension (1), with MgCl2 
(2), CaCl2 (3), and CaCl2+MgCl2 (4) pure Acf with clay (5), pure RhB with clay (6). Dye 
concentration was 10-6M and clay concentration was 2 ppm and salt concentration was 0.06 
mg/ml. 
Fig. 3. Schematic representation of FRET between Acf and RhB in presence of clay and salt. 
Fig. 4. Fluorescence spectra of Acf+RhB (1:1 volume ratio) in clay dispersion with CaCl2 + 
MgCl2 of concentration 0.06 mg/ml (3), 0.05 mg/ml (2) and 0.12 mg/ml (1). Inset shows the 
variation in FRET efficiency with the increasing concentration of CaCl2 + MgCl2 from 0.03 
mg/ml to 0.20 mg/ml. Dye concentration was 10-6M and clay concentration was 2 ppm. 
Fig. 5a. FRET efficiency of Acf and RhB mixture for the different concentration of CaCl2 + 
MgCl2 in presence of clay. (Values of FRET efficiencies were calculated from the spectra of 
figure 4). 
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Fig. 5b. Fluorescence intensity of 579 nm peak for the different concentration of CaCl2 + MgCl2 
in presence of clay. (Values of FRET efficiencies were calculated from the spectra of figure 4). 
 
 
 
 
 
Table captions 
Table1 
Values of energy transfer efficiency (E %) for Acf and RhB mixture (1:1 volume ratio) in 
different conditions. The salt concentration was 0.06 mg/ml (moderately hard water). Dye 
concentration was 10-6M and clay concentration was 2 ppm. 
Table 2 
Values of energy transfer efficiency (E %) for Acf and RhB mixture (1:1 volume ratio) at 
different salt concentration in presence of clay. Dye concentration was 10-6M and clay 
concentration was 2 ppm. 
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